Objective: To elucidate the regional difference of the K current blocking effects of methanesulfonanilide class III agents. Methods: Regional differences in action potential duration (APD) and E-4031-sensitive component (I ) as well as -insensitive component (I ) of Kr Ks 1 the delayed rectifier K current (I ) were investigated in enzymatically isolated myocytes from apical and basal regions of the rabbit left K ventricle using the whole-cell clamp technique. Results: At 1 Hz stimulation, APD was significantly longer in the apex than in the base (223.1610.6 vs. 182.7614.5 ms, p,0.05); application of 1 mM E-4031 caused more significant APD prolongation in the apex than in the base (32.566.4% vs. 21.068.8%, p,0.05), resulting in an augmentation of regional dispersion of APD. In response to a 3-s depolarization pulse to 140 mV from a holding potential of 250 mV, both I tail and I tail densities were significantly smaller in apical increased the time-dependent outward current of I by 11168% during the 3-s depolarizing step at 140 mV and its tail current by Ks 12069% on repolarization to the holding potential of 250 mV, whereas it did not affect I . Conclusions: The regional differences in I , Kr K in particular differences in its two components may underlie the regional disparity in APD, and that methanesulfonanilide class III antiarrhythmic agents such as E-4031 may cause a greater spatial inhomogeneity of ventricular repolarization, leading to re-entrant arrhythmias.
1
Heterogeneous distribution of the two components of delayed rectifier K current: a potential mechanism of the proarrhythmic effects of methanesulfonanilideclass III agents a , a a a b a induced torsade de pointes include early afterdepolarizaand Use of Laboratory Animals published by the US tion and regional dispersion of repolarization [4, 5] . The National Institutes of Health (NIH Publication No. 85-23, former would lead to local triggered activity, and the latter revised 1996). would set the stage for reentry by producing a critical Japanese white rabbits of either sex weighing 1.5 to 2.0 spatial inhomogeneity of refractoriness [4, 5] .
kg were anesthetized with thiamylal sodium after being In the ventricle of many species (e.g. dog, guinea pig, heparinized, and the hearts were rapidly excised and human), there is a gradient of action potential configuration mounted via the aorta on a Langendorff retrograde perfuand duration across the ventricular wall [6] [7] [8] [9] [10] . In addision apparatus. The hearts were first perfused with normal tion, a distinctive group of cells (M cells), located in deep Tyrode's solution (gassed with 100% O at 378C) for 3-5 2 subepicardial to midmyocardial region, has been identified min, secondly with calcium-free Tyrode's solution for [11] . These cells are reported to have the electrical 10-15 min, and finally with 0.12 mg / ml collagenase property that their APD prolongs markedly with slow (Yakult, Japan) containing calcium-free Tyrode's solution stimulation, especially during ischemia or after exposure to for 15 min. The hearts were subsequently perfused with antiarrhythmic drugs, perhaps because the slowly activathigh-potassium storage solution (KB solution) for 5 min. ing component of I (I ) is expressed at very low levels After the perfusion, the left ventricle was cut perpen-K Ks in these cells [7] . At slow rates, action potentials in these dicularly to the apex / base axis into three blocks: apex, cells not only prolong markedly, they may also display middle and base. The apical block was about 5 mm thick discontinuities in repolarization (early afterdepolarizameasured from the apex of the heart, and the basal block tions), which are thought to be involved in the genesis of was of the same thickness from the atrioventricular groove. long QT-related arrhythmias.
The apical and basal muscle masses served for cell The rabbit ventricular myocytes has been regarded to be isolation and the remaining middle one was discarded. The a suitable preparation for the evaluation of class III effects, apical and basal portions were placed separately in beakers 1 because a variety of voltage-gated K channels exist containing KB solution and minced with a pair of surgical which resemble those in human cardiac cells [12] [13] [14] [15] [16] [17] [18] . It scissors. The supernatants were then passed through 200 was also reported that many class III drugs easily induce mm stainless steel mesh, and the filtrates were washed two torsade de pointes in rabbits [19] . The standard whole-cell patch-clamp method was used deflection of the QRS complex to the peak of T-wave), for recording the membrane potential and current with a which reflects the action potential duration at the recording patch-clamp amplifier (List-medical, Darmstadt, Gersite, was significantly longer in the apical than the basal many). An aliquot of the cell suspension was placed in the region [24] . Furthermore, this regional difference in APD recording chamber on the stage of an inverted microscope was augmented very much by the application of class III (Diaphoto, Nikon Co., Tokyo). A brief period was allowed antiarrhythmic agent E-4031 or sotalol [24] . These findings for cell adhesion to the coverslip at the bottom of the suggest the existence of regional differences in the density chamber, and then the cells were superfused with normal of I and its two components (I and I ) in rabbit Tyrode's solution at 3 ml / min. The bath temperature in all
ventricles, contributing to the above-mentioned electrical experiments was maintained at 348C. The suction pipette heterogeneity. In the present study, we demonstrated a of borosilicate glass has a resistance of 3-5 MV after significant heterogeneity of I and its two components (I filling with the pipette solution. phenyl] methanesulfonamide dihydrochloride dihydrate) was a gift from Eisai Pharmaceuticals (Tokyo, Japan). It was dissolved in distilled water as a 1 mM stock solution. Chromanol 293B (trans-6-Cyano-4-(N-ethylsulphonyl-N-methylamino)-3-hydroxy-2,2-dimethyl-chromane) was a generous gift from HMR Chemical Research (Frankfurt, Germany). It was dissolved in ethanol to make a 10 mM stock solution. Isoproterenol hydrochloride (Sigma) was prepared as a 1 mM stock solution in distilled water containing 0.1% ascorbic acid. They were diluted in superfusates to the final concentrations immediately before each application. action potential amplitude remained unchanged in both cell rectifier K current (I is small in amplitude and easily K) types. The summarized data on APD are shown in the masked by the large inward rectifier (I ). As a result, K1 lower panel of Fig. 1 augmentation of regional dispersion of APD. These results suppressed in extracellular K -free condition in some are consistent with our previous data on the regional animal species such as guinea pigs and dogs [7, 28] . To difference of repolarization estimated by surface potentials study whether such features exist in rabbit ventricular in Langendorff-perfused rabbit heart [24].
myocytes or not, we comparatively investigated the current-voltage relationships of I in Tyrode's solution (con- . There were substantial differexamined by applying voltage clamp steps for 3 s from a ences in the time-dependent outward current between the holding potential of 250 mV to different depolarizing two solutions: the current density at negative potentials levels ranging from 240 to 160 mV at 0.1 Hz (Fig. 4) . (240| 220 mV) in NMG solution was significantly larger Fig. 4A and B illustrate the current-voltage relationship than that in Tyrode's solution. In addition, the inward of the tail current of I , I and I of the two regions. In Fig. 4C and D, the tail current amplitudes have been To reveal the underlying ionic mechanisms of the above normalized to the current amplitude at the most positive heterogeneities in APD, we studied the delayed rectifier potential, and the relative activation curves were drawn by 
, where V is voltage at which half activation was achieved, V is the test potential, and k is the slope factor. region of Langendorff-perfused rabbit ventricles (61% vs. 38% increase in the Q-T interval) [24] . In the present study, we demonstrated a regional difference along the apex / base axis of rabbit left ventricle; I was more Kr prominently expressed in the apex than base, whereas I Ks expression was more abundant in the base than in the apex, giving rise to a large difference in the I /I ratio.
Ks Kr
Many lines of evidences suggest that prominent electrophysiological heterogeneity, especially the transmural heterogeneity between the epicardial and endocardial regions, exists within the mammalian ventricle, largely because of 2.8660.73 mA / cm ) of feline ventricle, and that its activation kinetics were also different in the two layers [29] . In canine ventricle, I tail current density was Kr similar among the epicardial, endocardial and M cells, whereas I tail current density was significantly smaller in Ks the M cells (0.9260.14 pA / pF) than in epi-and endocardial cells (1.9960.30 and 1.8360.18 pA / pF, respectively), resulting in a much longer APD in M cells [7] . As has been reported in other species, epi-to endocardial differ-1 ences in the repolarizing K currents may also exist in rabbit ventricles. A wide cell-to-cell variation in the amplitude of I and I within the apex or base in the Kr Ks present study could imply epi-to endocardial differences of these currents. Further study is needed to clarify this point. Recently, Brahmajothi et al. reported a regional heterogeneity of ERG transcript and protein expression in ferret hearts (the epicardial layers of the ventricles), indicating that the expression was more abundant in the apex than in [6, [33] [34] [35] [36] [37] . However, since I to The above-mentioned differences in activation kinetics in rabbit ventricular myocytes has a very slow recovery of I components may reflect species differences of the from inactivation (a time constant longer than 1 sec) K currents. The activation time constant (352.769.45 ms) of [12, 38, 39] , it mainly contributes to repolarization at I (dofetilide-sensitive current) measured by Carmeliet stimulating frequencies lower than 1 Hz, and its role may Kr [15] in rabbit ventricular myocytes is quite similar to ours be less important than that of I at the physiological heart K described above. Furthermore, Beatch et al. reported that rates. rabbit I (sematilide-insensitive component) reached satuKs ration | 2 s at 110 mV depolarizing pulse [22] .
The composition of external solution might affect the 4.4. Potential limitations two components of I . For example, a solution containing
Na but neither K nor Ca diminished I (by about In our study, the inward rectification of the time-depenKr 50% at 210 mV) but increased I by about 30% at 150 dent outward current of I was relatively weak and Tyrode's solution to the K -and Na -free but Caof extracellular K -free solution modified the rectification containing NMG solution. This observation is consistent properties of I . Therefore, our conclusion on the regional 
